New DNA sequencing technologies are allowing researchers to explore the 1 2 genomes of the millions of natural history specimens collected prior to the 1 3 molecular era. Yet, we know little about how well specific next-generation
Introduction 1 0 0 because synthetic, oligonucleotide probes bind to the central, conserved portion 1 0 1 of each UCE locus, allowing researchers to isolate and sequence this region as 1 0 2 well as more variable, flanking DNA that is also captured (Faircloth et al., 2012) .
0 3
Sequence variation in the core region is useful for deep phylogenetic questions 1 0 4 (Crawford et al., 2012; McCormack et al., 2013) , whereas variation in the flanking 1 0 5 regions is useful at phylogeographic or population genetic timescales (Smith et 1 0 6 al., 2014). One useful feature of UCEs is that they are found across a variety of 1 0 7 taxa including amniotes, fish (Faircloth et al., 2013) , and insects (Faircloth et al., 1 0 8 2014), making the development of new probe sets for many groups unnecessary.
0 9
Although the UCE approach is theoretically possible with ancient DNA, the 1 1 0 outcome may be adversely affected by age-related DNA degradation. For 1 1 1 example, the UCE protocol involves capturing small (60-120 base pair), 1 1 2 conserved genomic targets which could be rendered too small to capture by age-1 1 3 related fragmentation. Additionally, sequence variation sufficient to resolve 1 1 4 moderate and shallow-level relationships is concentrated in the flanking regions 1 1 5 of UCE loci, which might be impossible to assemble from short, degraded DNA 1 1 6 fragments. On the other hand, if the UCE capture approach can be effectively 1 1 7 applied to museum specimens, then this technique, with a pre-existing probe set 1 1 8 that routinely captures many thousands of loci across vertebrates, would 1 1 9 immediately open the door to collecting genome-scale data from the millions of 1 2 0 specimens housed in museums. We cut toe pads from 27 study skins (Table 1) Mexico (sumichrasti group). These three lineages are divergent in both DNA and 1 2 8 appearance (Delaney et al., 2008; Gowen et al., 2014; Peterson, 1992 ) and Los Angeles basin. We sampled one specimen approximately every decade from 1 3 3 1880 to 2010. We call this "ancient DNA" for the purposes of consistency with the 1 3 4 literature, although some prefer the term "historical DNA" for DNA that is not from 1 3 5 a fresh sample, but is only hundreds as opposed to thousands of years old. One 1 3 6 goal was to assess whether age and other factors influenced the success of data was 4.7 (95 CI 0.10, min=1 max=27). After filtering SNPs for missing data, and 3 9 9
including only those SNPs that were parsimony informative, the 75% complete 4 0 0 data matrix included 4,430 high-quality, informative SNPs. 4 0 1 SNAPP drops loci for which there are no data for a given terminal tip 4 0 2 (each individual in this case) -an even more conservative threshold for missing 4 0 3
data than that which we applied above to arrive at 4,430 SNPs. This resulted in 4 0 4 1,388 SNPs contributing to the SNAPP analysis. We ran the SNAPP tree for 4 0 5 10,000,000 generations. The analysis showed signs of convergence with a stable 4 0 6 posterior likelihood and ESS values greater than 200, except for six of the 50 4 0 7 theta parameters. In contrast to the topology we inferred from concatenated data, 4 0 8 the SNAPP species tree showed strong support for monophyly of the californica, 4 0 9 woodhouseii, and sumichrasti lineages ( Fig. 3 
5 1
A second conclusion is that age also affects the average length of 4 5 2 assembled UCEs. Locus length is an important metric for phylogenetic studies 4 5 3 because longer sequences generally lead to more resolved gene trees (Castillo-4 5 4 Ramirez et al., 2010) , and, especially in the case of UCEs, there is more 4 5 5 variability in UCE flanking regions than in UCE cores (Faircloth et al., 2012) . We 4 5 6 found that average locus lengths decreased with sample age. Unlike the situation 4 5 7 with UCE number, locus lengths were not improved dramatically by extra 4 5 8 sequencing. For our very oldest samples (100+ years), those having more than 4 5 9 1.5 million reads showed modest gains in assembled locus length compared to 4 6 0 samples having less than 1.5 million reads (300 bp versus 281 bp).
6 1
Another metric of interest is the number of enriched UCEs assembled into 4 6 2 contigs longer than one kilobase (1 kb loci). The number of 1 kb loci we 4 6 3 recovered from tissue samples (>1,000) reflects what we commonly see for 4 6 4 PE250 sequencing from archived tissues. For even the most recent toe pad 4 6 5 sample from 2010, we recovered only 322 loci greater than 1 kb. Similar to our 4 6 6 findings with locus length, the number of 1 kb loci erodes rapidly with age. For all 4 6 7 samples more than 45 years old, we recovered no 1 kb loci. As with locus length, 4 6 8 increased sequencing effort did not improve the number of 1 kb UCE loci we 4 6 9 assembled, but other solutions remain untested like using longer probes and 4 7 0 higher probe tiling densities (e.g., Ávila-Arcos et al., 2011).
7 1
One interesting question in museums is whether it is worth cutting off a 4 7 2 portion of the specimen for cryogenic preservation to stop the steady degradation 4 7 3 of its DNA on specimen trays. Our results suggest there may be some merit to 4 7 4 this idea, especially for samples without archived, frozen tissue collected during 4 7 5 the last 30 years. We observed a threshold for locus length where during the first 4 7 6 30 years, average length declines sharply from 867 bp to 610 bp ( Fig. 1b ). Then, 4 7 7 over the next ~100 years, locus length declines more gradually from 510 bp to 4 7 8 just under 300 bp. Degradation will vary depending on local climate and 4 7 9 preservation techniques, but a rough guideline is that specimens collected more conatmination can be minimized using strict sterilization and quarantine protocols 4 9 1 (Pääbo, 1989) . Our protocols were moderately strict with respect to preventing 4 9 2 contamination -we extracted DNA from toe pads in a different room from where 4 9 3 we handled PCR products and performed DNA extractions from tissues. contamination we saw in some samples. These samples were marginal in terms 4 9 7 of their initial DNA concentrations and sequencing effort. In a normal study they 4 9 8 would probably be re-extracted, replaced with another sample, or subjected to 4 9 9 more sequencing. For the purposes of this study, they were useful in estimating a 5 0 0 lower bound on age, DNA quality, and sequencing effort.
0 1
For sequence capture where most read concentrate around the probe 5 0 2 region, our study suggest that contamination will more likely manifest itself in the 
0 9
One might assume that initial DNA concentration is a main predictor of 5 1 0 contamination. And while it was one predictor of contamination in this study, 5 1 1 specimen age was the strongest predictor, followed by sequencing effort. All 5 1 2 three variables, however, are highly correlated, and all are likely indicators of 5 1 3 DNA quality on some level. The importance of sequencing effort is interesting 5 1 4 because it suggests, at least for this study, that contamination occurred at a low 5 1 5 enough level that additional sequencing could boost coverage across the flanks 5 1 6 of UCE loci, allowing "good signal" to overwhelm background contamination.
1 7
The coalescent analysis of SNPs in the program SNAPP was better at 5 1 8 dealing with the contamination we encountered than was the more typical UCE 5 1 9 pipeline of calling a single allele from full-locus data and concatenating 5 2 0 sequences for maximum likelihood analysis. For the SNAPP analysis, were were 5 2 1 still able to place the samples with contamination into their proper evolutionary 5 2 2 lineages, and all three lineages were strongly supported as monophyletic. The 5 2 3 better performance of the SNP-based coalescent analysis is likely due to several 5 2 4 factors. One, calling SNPs from UCE loci involves a hierarchical approach where 5 2 5 the data are filtered for quality and coverage, meaning that each SNP is based 5 2 6 on more data and more stringent parameters. It is also possible that coalescent 5 2 7 analysis, itself, is better at dealing with the conflicting signal that results from low-5 2 8 level contamination, but we did not specifically evaluate this hypothesis. Next-generation sequencing has the potential to transform the mission of 5 3 2 museum collections by bringing older specimens into the age of genomics 5 3 3 (Besnard et al., 2015; Bi et al., 2013; Burrell et al., 2014; Nachman, 2013) . To 5 3 4 fully realize this potential, researchers need to know which NGS methods are 5 3 5 likely to work best with DNA extracted from museum specimens and how 5 3 6 specimen age affects data collection using different methods. For example, a 5 3 7 recent study using RADseq to collect phylogenomic data from insect museum 5 3 8 specimens showed that most of the RADseq data were unusuable (Tin et al., 5 3 9 2014). While rather more success has been achieved using target enrichment 5 4 0 approaches, studies have thus far focused on genotyping SNPs (Bi et al., 2013) 5 4 1 and not on assembling whole loci, which is likely to be more difficult with highly 5 4 2 degraded samples.
4 3
Our results show that target enrichment of UCEs from museum specimens 5 4 4 as old as 120 years can produce data sets including thousands of loci and 5 4 5 thousands of informative SNPs for a range of population genetic and 5 4 6 phylogeographic analyses. Even the oldest samples that we sequenced with 5 4 7 relatively few reads (and which showed signs of low-level contamination) 5 4 8 provided useful information on population assignment and evolutionary history, 5 4 9 although other characteristics of these subpar samples would need to be 5 5 0 interpreted cautiously, like branch lengths, substitution rates, and divergence 5 5 1 times.
2
Our species tree analysis supports three distinct evolutionary lineages in 5 5 3
the Western Scrub-Jay corresponding to the californica, woodhouseii, and 5 5 4 sumichrasti groups. It had previously been unclear whether nuclear genomic data 5 5 5 would support monophyly for these three groups, as does the mtDNA data 5 5 6 (Delaney et al., 2008; McCormack et al., 2011) . We did not include the Channel 5 5 7
Island Scrub-Jay in this study, but mtDNA data support its placement as the 5 5 8 sister taxon to the californica group (i.e., nested within the phylogeny). Further 5 5 9 sampling will be needed to determine if the Guerrero and Oaxaca populations in 5 6 0 the sumichrasti group (currently described as subspecies) are really as 5 6 1 genomically distinct as the few individuals included in this study indicate.
6 2
Microsatellite data, for example, suggested some gene flow between these two Based on results of our study, we provide recommendations for studies using 5 7 1 sequence capture of DNA from historical museum specimens: 5 7 2
• More than 1.5 million reads per sample for ~5000 targets (assuming 5 7 3 average capture efficiency) will boost UCE recovery and, to some extent, 5 7 4 locus length. More sequencing will also enhance good signal relative to 5 7 5 contaminating signal in UCE flanking regions.
7 6
• Curators and collections managers should consider cryopreserving 5 7 7 historical tissue (e.g., bird toe pads) from valuable museum specimens if 5 7 8 the material is less than 30 years old and does not have associated frozen 
8 5
• Researchers should use strict sterilization procedures and treat DNA from 5 8 6 museum specimens (which some prefer to call "historical DNA") like truly 5 8 7 ancient DNA that is thousands of years old. Low-level contamination is 5 8 8 inevitable in some cases, but minimizing contamination during the DNA 5 8 9 extraction and library preparation phase is the best way to avoid 5 9 0 downstream problems. Placing an index on both sides of DNA fragments 5 9 1 during library preparation (double-indexing) would make it easier to detect 5 9 2 contamination that occurs after library preparation (Kircher et al., 2011) .
9 3
• Administrators should treat natural history collections as a genomic 5 9 4 repository of our biodiversity, affording them the personnel needed for 5 9 5 their protection and research use. 5 9 6 5 9 7
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